ABSTRACT: In this paper, a novel double series resonant high-voltage dc-dc converter with dualmode pulse frequency modulation (PFM) control scheme is proposed. The proposed topology consists of two series resonant tanks and hence two resonant currents flow in each switching period. Moreover, it consists of two high-voltage transformer with the leakage inductances are absorbed as resonant inductor in the series resonant tanks. The secondary output of both transformers are rectified and mixed before supplying to load. In the resonant mode operation, the series resonant tanks are energized alternately by controlling two Insulated Gate Bipolar Transistor (IGBT) switches with pulse frequency modulation (PFM). This topology operates in discontinuous conduction mode (DCM) with all IGBT switches operating in zero current switching (ZCS) condition and hence no switching loss occurs. To achieve fast rise in output voltage, a dual-mode PFM control during start-up of the converter is proposed. In this operation, the inverter is started at a high switching frequency and as the output voltage reaches 90% of the target value, the switching frequency is reduced to a value which corresponds to the target output voltage. This can effectively reduce the rise time of the output voltage and prevent overshoot. Experimental results collected from a 100-W laboratory prototype are presented to verify the effectiveness of the proposed system.
Introduction
In applications such as lasers, accelerators, ultra-high voltage electron microscopes, and X-ray power generators, a high-voltage dc power supply is necessary. Other than producing high dc voltage, the high-voltage power supply is preferable to have fast transient response. While for some applications such as X-ray power generators, short rise time of the output voltage is mandatory.
Essentially, a high-voltage dc power supply consists of five basic parts: an input rectifier with filter capacitor, a high frequency inverter, a high-voltage transformer, a high-voltage output rectifier with filter capacitor, and a controller [1] [2] [3] . Among all the parts, the high-voltage transformer is most critical as it affects the performance of the power supply. Its high turns ratio (ranging from 300 to 500) and insulation requirements exacerbates transformer non-idealities (i.e., leakage inductance and parasitic capacitance) [1] [2] [3] . These non-idealities cause voltage and current spikes and increase loss and noise. In order to absorb these non-idealities as useful elements, several types of resonant converters, such as the series resonant converter (SRC), parallel resonant converter (PRC), and series-parallel resonant converter (SPRC) have been proposed by researchers worldwide.
The SRC is widely used for high-voltage application because it is free from possible saturation of high-voltage transformer. Moreover, it absorbs the leakage inductance of the transformer into the power topology. Additionally, it behaves as a current source which provides inherent overload protection. It allows capacitive filtering at the output and gives high efficiencies over a wide range of loads. Though the transformer winding capacitance is not absorbed in the tank circuit, the SRC has been used in high-voltage converters due to several other advantages [4] [5] [6] [7] [8] [9] . The most significant feature of the SRC is the ability to provide high output load current [1] , [9] [10] [11] [12] [13] [14] . Moreover, a pulse frequency modulated series resonant inverter has nearly zero switching loss when operating in the discontinuous conduction mode (DCM).
To achieve fast transient response in SRC, authors in [15] proposed a dual-mode input voltage modulation (IVM) for a three-phase SRC. In this topology, three sets of full-bridge inverter are
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used to energize three series resonant tanks. These full-bridge inverters are operated with phase shift of 120 • from each other. The dual-mode IVM is implemented by controlling a quasi-resonant control circuit at the lower arm of the three-phase inverter. Therefore, this topology is very complicated. Moreover, it requires twelve switches which make the system bulky, costly and high conduction loss.
Authors in [16] proposed another topology that combined the output voltage of two parallel connected full-bridge SRCs. The output voltage is controlled by varying the phase-shift between the output voltages of two full-bridge inverters. Fast rise of the output voltage in this topology is achieved by dual-mode phase shift modulation. Similar to the previous topology in [15] , this topology is also complicated and requires high number of switches. This paper proposes a new topology which requires only two IGBT switches with simple circuit operation. It consists of two high-voltage transformer and two series resonant tanks. The outputs of both transformers are combined before supplying to load. This converter is operating in DCM and its output voltage is controlled by pulse frequency modulation (PFM). A dual-mode PFM at startup of the converter is proposed to increase the transient response of the output voltage. The effectiveness of the proposed topology is verified by experimental testing on a 100-W laboratory prototype.
2 Topology description and principle of operation Figure 1 shows the circuit diagram of the proposed fast response double series resonant highvoltage dc-dc converter. The proposed system consists of an input dc source, two Insulated Gate Bipolar Transistor (IGBT) switches (S1 and S2), two resonant capacitors (C 1 and C 2 ), two highvoltage transformers (T 1 and T 2 ), two full-wave rectifiers with filter capacitors and an output load resistor.
In the proposed converter, the voltage stress at the primary windings of each high-voltage transformer is half (V • /2n) compared to the conventional converter (V • /n). Thus, the number of primary turns required for each transformer is reduced to half. Consequently, for equal turn ratio, the number of turns of the secondary windings is also reduced to half. Lower number of primary and secondary turns reduces the parasitic elements. Therefore, the use of two transformers in the proposed topology is not really a disadvantage. Similarly, although the components count of the rectifier and filter circuit is double to that of conventional converter, the voltage stress on these components is half compared to the conventional converter. Since the diodes and capacitors with low voltage ratings are relatively less expensive and more easily available, more components count of rectifier and filter circuits is also not a disadvantage.
The leakage inductance of high-voltage transformers is incorporated into the power topology as useful elements. The leakage inductance, L S1 , of the first high-voltage transformer, T 1 , is connected in series to the capacitor, C 1 , and forms a series resonant tank. Another series resonant tank is produced with the capacitor, C 2 , connected in series to the leakage inductance, L S2 , of the second high-voltage transformer, T 2 . Therefore, this converter consists of two series resonant tanks without any physical inductor. The resonant frequency of each resonant tank depends upon the resonant tank capacitance and the leakage inductance of the high-voltage transformer which are given by
where, f r1 is the resonant frequency of the first series resonant tank, f r2 is the resonant frequency of the second series resonant tank, L S1 is the leakage inductance of the first high-voltage transformer, T 1 , L S2 is the leakage inductance of the second high-voltage transformer, T 2 , and C 1 and C 2 are the resonant tank capacitors. In this converter, the two high-voltage transformers used are identical and hence they have same value of leakage inductance (L S1 = L S2 ). In addition, two tank capacitors, C 1 and C 2 with same capacitance are selected (C 1 = C 2 ). Therefore, the resonant frequency of both series resonant tanks are equal ( f r 1 = f r 2 ).
Steady-state analysis
The operation of the proposed converter in each switching cycle can be divided into 4 modes and two dead zones as shown on figure 2. The equivalent circuit for each modes of operation is shown in figure 3 . Mode 1 (t t t 0 0 0 -t t t 1 1 1 ). At the start of this mode, switch S1 is turned on under zero current switching (ZCS) and dc source is supplying power to be consumed by load and stored in second resonant tank (C 2 and L S2 ). The resonant current i L2 (t) is rising then falling sinusoidally. In addition, the i L1 (t) is also rising and falling sinusoidally but in negative direction. The energy stored in the first series resonant tank (C 1 and L S1 ) during previous cycle is transferred to load. This mode ends when the currents, i L1 (t) and i L2 (t) reach zero at t = t 1 .
Mode 2 (t t t 1 1 1 -t t t 2 2 2 ). This mode begins when the resonant currents are flowing in reverse direction through anti-parallel diode D1. In this condition the i L2 (t) is negative while i L1 (t) is positive. Switch S1 is turned off during this mode under ZCS and zero voltage switching (ZVS) conditions. In this mode, both series resonant tanks are transferring energy to the load. This mode ends when the currents, i L1 (t) and i L2 (t) reach zero at t = t 2 . 
Dead zone (t t t 2 2 2 -t t t 3 3 3 & t t t 5 5 5 -t t t 6 6 6 ). After each half switching cycle, all switches are in OFF condition and the resonant current remains at zero while the voltages across resonant capacitors are remain constant. For ZCS operation, the converter must operate in DCM and therefore the minimum duration of this mode must be equal or greater than zero. This mode ends when the next half cycle of the circuit operation is started.
Mode 3 (t t t 3 3 3 -t t t 4 4 4 ). In this mode, switch S2 is turned on under ZCS and dc source is supplying power to be consumed by load and stored in first resonant tank (C 1 and L S1 ). The resonant current i L1 (t) is rising then falling sinusoidally. Moreover, the energy stored in the second series resonant tank (C 2 and L S2 ) during first half cycle (mode 1 and 2) is transferred to load. Hence, the i L2 (t) is rising and falling sinusoidally in negative direction. This mode ends when the currents, i L1 (t) and i L2 (t) reach zero at t = t 4 .
Mode 4 (t t t 4 4 4 -t t t 5 5 5
). After mode 3, the resonant currents are flowing in reverse direction through anti-parallel diode D2. In this condition the i L1 (t) is negative while i L2 (t) is positive. Switch S2 is turned off during this mode under ZCS and ZVS conditions. In this mode, both series resonant tanks are transferring energy to the load. This mode ends when the currents, i L1 (t) and i L2 (t) reach zero at t = t 5 . The summary of equations i L1 (t) and v C1 (t) for all modes of operation and dead zones are given in table 1 while i L2 (t) and v C2 (t) are given in table 2.
Dual-mode PFM
The output voltage is regulated by PFM where the switching frequency is reduced to lower the output voltage. To ensure zero current switching (ZCS) condition for both turn on and off of both IGBT switches, this converter is operating in DCM. In this condition, the maximum switching 
Dead zone; t 2 − t 3 0
frequency of the converter is required to be equal or smaller than half of the resonant frequency as given by
where, f s(max) is the maximum switching frequency and f r = f r1 = f r2 . In addition, a dual-mode PFM control at start-up of the converter is proposed to shorten the rise time of the output voltage. In this operation, the inverter is started at a high switching frequency ( f start ), and as the output voltage reaches 90% of the target value, the switching frequency is reduced to a value which corresponds to the target output voltage. This can effectively reduce the rise time of the output voltage and prevent overshoot.
To realize the proposed control scheme, a closed loop control signal generation circuit that can control the switching frequency as described above is required. The signal generation circuit is implemented using a resonant mode controller UC3865, a current transformer, and an op-amp as shown in figure 1. The current transformer steps down the resonant current that flows into the converter. Then the current waveform is converted to voltage waveform by a small resistor at secondary winding. This voltage waveform is compared with zero voltage through an op-amp comparator to produce a pulse when the current is flowing in positive direction. These pulses are fed to Zero pin of the controller for detection of zero current crossing. After the zero current crossing is detected, the controller adjusts the duty cycle of switching signals automatically and turns off IGBT switches at ZCS condition. The switching frequency from f s(min) to f s(max) is controlled by tuning a potentiometer connected at pin, R min , of the controller.
For dual-mode frequency modulation, a feedback with feedback voltage, V fb , equal to 5 V during steady-state is fed to INV pin of the controller. The feedback voltage is compared to the voltage at NI pin which is set to 4.5 V. When the voltage at INV pin is lower than the voltage at NI pin (output voltage less than 90% of target value), the controller produces a high switching frequency, f start . On the other hand, if the voltage at INV pin is higher than the voltage at NI pin (when output voltage is higher than 90% of target value), the frequency produced by the controller is dependent on the resistance which has been set at R min pin. Therefore, the proposed converter is started with high frequency, f start , and the output voltage rises quickly. When the feedback voltage reaches 4.5 V, which represents 90% of target output voltage at steady-state, the switching frequency is reduced to a value in between f s(min) and f s(max) that has been set earlier by resistance at R min pin.
Experimental results
A 100-W laboratory prototype was implemented and tested to validate the effectiveness of the proposed converter. The specifications of the laboratory prototype are as follows: V in = 80 V, C 1 = C 2 = 320 nF, L S1 = L S2 = 18 µH, n 1 = n 2 = 50, f s(min) = 20 kHz, f s(max) = 32 kHz, f start = 50 kHz and R L = 100 kΩ. In order to compare the effectiveness of the proposed PFM control in increasing the transient response, the prototype was operated in both open loop control(normal startup without dual-mode PFM) and closed loop control (fast startup with dual-mode PFM), and the results collected from both case are compared.
First, the converter was tested at maximum switching frequency of 32 kHz to produce the maximum output voltage. The waveform of maximum output voltage in open loop control is shown in figure 4 . The steady-state maximum output voltage is equal to 3.15 kV. This maximum output voltage rose and reached steady-state in approximately 1.4 ms under open loop control without dual-mode frequency modulation during startup. Figure 5 shows the waveform of the maximum output voltage during startup with dual-mode frequency modulation.
By operating the proposed converter with the starting frequency increased to 50 kHz, the output voltage rose faster than before. This is reflected in the decreased rise time of figure 5 compared to figure 4. The switching frequency was reduced to 32 kHz when the output voltage reached 90% of the target value of 3.15 kV. Then, the output voltage stabilized and reached steady-state without overshoot. As can be seen in figure 5 , the rise time of maximum output voltage with dual-mode The waveforms of steady-state resonant inductor currents and switching signals at maximum output voltage are shown in figure 6 . The resonant current for first resonant tank, i L1 (t) and second resonant tank, i L2 (t) are inverted from each other. Both current waveforms cross the zero-current axis at same timing. The comparison between switching signal and resonant currents shows that the IGBT switches are turn on and off during zero currents and no switching loss occurs.
The experimental testing was repeated for minimum switching frequency of 20 kHz. In this -9 - condition, the minimum output voltage produced is equal to 2.77 kV as shown in figure 7 and 8. From figure 7 , the rise time of the output voltage without dual-mode PFM is 2.5 ms. By comparing the figure 4 and 7, the rise time of the minimum output voltage is higher compared to the maximum output voltage in open loop control because the transient response of the converter is decrease at lower switching frequency. However, this problem is resolved by operating the proposed converter in dual-mode PFM. As can be seen in figure 8 , the rise time of minimum output voltage is equal to 0.5 ms which is 5 times faster compared to output voltage produced by open loop control in figure 7 . Therefore, it is proven that the fast rise in output voltage is achieved with the proposed dual-mode PFM. Figure 9 shows the steady-state waveforms of resonant inductor currents and switching signals at minimum output voltage. By comparing the switching signals and resonant inductor currents, it is shown that all IGBT switches are operating under soft switching condition. Therefore, the switching loss in this converter is zero throughout the entire range of the output voltage.
The waveforms of the resonant inductor currents presented in figures 6 and 9 are free from current spikes. This is because the parasitic elements of the high-voltage transformers are absorbed as useful elements in the power topology of the proposed converter. Therefore, likewise the conventional SRC, the proposed topology is also capable of eliminating the problem of non-idealities of the high-voltage transformer.
As the switching loss does not occurs, thus only conduction loss is present in the IGBT switches during operation of the proposed converter. However, this converter has only two IGBT switches and hence it has low conduction loss. To prove the proposed converter is more efficient compared to the conventional full-bridge inverter-fed PFM HV dc-dc converter, the conventional converter with same specifications and using same circuit components as the proposed converter was implemented. The circuit diagram of the conventional PFM converter is shown in figure 10 . The efficiencies of both the proposed and conventional PFM converter at the different power level were measured and compared in a graph as shown in figure 11 . In figure 11 , it is shown that the efficiencies of both converters are increased with the power level. However, the entire efficiency curve for the proposed converter is approximately 10% above the efficiency curve for conventional PFM converter. Therefore, it is proven that the proposed converter is approximately 10% more efficient compared to the conventional PFM converter throughout the entire range of output power.
-11 -2012 JINST 7 P10013 Figure 10 . The conventional full-bridge inverter-fed PFM high-voltage dc-dc converter. Figure 11 . Efficiency of both the proposed and conventional PFM converter as a function of the output power.
Conclusion
A new topology and control scheme that is double series resonant high-voltage dc-dc converter and dual-mode PFM, respectively has been proposed in this paper. The proposed topology consists of two series resonant tanks that are controlled by two IGBT switches. Two high-voltage transformers are used with all the leakage inductances are incorporated as resonant inductor. The output voltage is controlled by dual-mode PFM operating in DCM. The performance of this topology was verified by experimental testing on a 100-W laboratory prototype. From the experimental results, it is proven that this topology is able to produce high-voltage effectively with zero switching loss. Moreover, the conduction loss is low because there are only two IGBT switches in the topology and hence high efficiency is achieved. Furthermore, this topology is very simple to operate where the dual-mode PFM is able to control the output voltage effectively and fast rise in output voltage is achieved. Therefore, the proposed fast response double series resonant high-voltage dc-dc converter is verified as an alternative for high-voltage application.
